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 摘 要  
自从 C. W. Musser 发明了谐波齿轮减速器并运用到火箭上后，由于它的传动
比大、重量轻、可靠度强、体积小、传动精度高等优点而倍受关注。我国从两弹
一星开始，在大力发展航天事业的背景下，谐波齿轮减速器被广泛地运用到火箭
及卫星的传动机构中。但国内对于谐波齿轮减速器的失效机理和结构优化及多样
化等方面还需深入研究，尤其缺乏对其动态运转强度较为精确的计算和对其疲劳
寿命的评估。 
针对上述问题，本文研究谐波齿轮减速器的强度与失效机理，给出了一种基
于应力-寿命法的疲劳预测过程，并对谐波减速器的结构进行了改进。主要的研
究内容包括： 
（1）设计了谐波齿轮减速器结构，并运用 SolidWorks 建立了 3D 模型。其
中，柔轮齿形为渐开线齿形，基于包络法求得刚轮共轭齿形并用渐开线齿形代替，
凸轮为标准椭圆，并对滚动球轴承进行了适当的简化。 
（2）基于有限元软件 ABAQUS 对谐波齿轮减速器进行了装配过程和动态
运转过程仿真计算。重点分析了柔轮的变形响应和应力分布规律，并与理论值相
对比。装配过程中，最大应力点位于齿圈中部的齿根；在动态运转时，最大应力
点位于齿圈中部的齿顶，该区域将容易产生接触疲劳磨损，但齿根应力同样很大，
该区域容易引起疲劳断裂。 
（3）详细分析了柔轮的单齿完成一次啮合-脱离过程的应力状态变化。基于
柔轮波浪式运动性质和对称性，提取柔轮 1/4 模型的应力状态并进行叠加，得到
柔轮齿在一个周期内的应力状态。基于应力-寿命法，对柔轮关键位置进行载荷
计数和柔轮疲劳寿命评估。 
（4）鉴于滚动球轴承引起的严重应力集中等问题，设计了一种采用柔性滚
针轴承的谐波齿轮减速器，并进行了装配过程和动态运转过程仿真，分析了其变
形响应和应力分布规律。与采用滚动球轴承的结构相对比，初步验证了采用柔性
滚针轴承的可行性和优越性，体现在：运转平稳，且齿顶不再出现啮合干涉现象，
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结构强度及疲劳寿命得到大幅提高。从而，为谐波齿轮减速器的多样性设计提供
了参考依据。 
关键词：谐波齿轮减速器；装配；动态运转；疲劳寿命；柔性滚针轴承
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Abstract 
Since harmonic gear reducer designed by C. W. Musser had been applied into 
rocket, it has got continuous attention for its advantages in big transmission ratio, light 
weight, strong reliability, small volume, high drive accuracy and so on. Since the advent 
of two Bombs and one Satellite of our country, with the development of aerospace 
industry, harmonic gear reducer is widely applied into the transmission mechanism of 
rockets and satellites. However, in our country it is still needed to further study the 
failure mechanism, structure optimization and diversification design of harmonic gear 
reducers, especially about how to perform more accurate calculations about the strength 
of dynamic operation process and the fatigue life. 
Therefore, in this thesis, the strength and the failure mechanism of harmonic gear 
reducer is studied, a fatigue life assessment procedure based on stress-life method is 
presented, and finally the structure of harmonic gear reducer is improved. The main 
research contents are as follows: 
(1) The structure of harmonic gear reducer is designed and 3D model is built in 
SolidWorks. Tooth profile of the flexspline is involute, conjugate tooth profile of the 
circular spline is solved based on the envelopment method and is substituted by involute 
profile. The cam is standard ellipse. Appropriate simplification is made for the rolling 
ball bearing.  
(2) Based on the finite element analysis software ABAQUS, the assembly and 
dynamic operation processes are simulated for harmonic gear reducer. The calculations 
are emphasized on deformation response and stress distribution of the flexspline. The 
corresponding results are compared with the theoretical value. It is found that in the 
assembly process the maximal stress appears in the middle of dedendum of the 
flexspline, and in the dynamic operation the maximal stress occurs in the middle of 
addendum and at the same time the stress of the dedendum is also relative large. Hence, 
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during the dynamic operation process the addendum of the flexspline usually 
encounters a contact fatigue wear failure and the dedendum often faces a fatigue 
fracture. 
(3) The stress variation of a single flexspline tooth is analyzed in detail from 
engaging to disengaging processes. Considering the character of wave motion and the 
symmetry of the flexspline, the periodic stress state of the flexspline tooth is got by 
superimposition of the stress state of 1/4 model, the stress loads of key position of the 
flexspline are counted and the fatigue life of the flexspline is assessed based on the 
stress-life method. 
(4) Because of the stress concentration problem caused by the rolling ball bearing, 
this thesis designs a harmonic gear reducer by employing flexible needle roller bearing 
for the first time and also conducts assembly and dynamic operation processes to obtain 
the deformation response and the stress distribution. These results are compared with 
those of the harmonic gear reducer with a flexible ball bearing. Through these 
comparisons, the feasibility and superiority of employing the flexible needle roller 
bearing are verified preliminarily and embody in: operating smoothly, no meshing 
interference in the addendum, structural strength and fatigue life increasing greatly. As 
a result, this thesis provides a reference to the diversity of harmonic gear reducer design. 
 
Keywords: Harmonic gear reducer; Assembly; Dynamic operation; Fatigue life; 
Flexible needle roller bearing
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